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Abstract
Observations of the globular clusters NGC 6388 and M 15 were carried out by the
H.E.S.S. array of Cherenkov telescopes for a live time of 27.2 and 15.2 hours respectively.
No gamma-ray signal is found at the nominal target position of NGC 6388 and M 15.
In the primordial formation scenario, globular clusters are formed in a dark matter halo
and dark matter could still be present in the baryon-dominated environment of globular
clusters. This opens the possibility of observing a dark matter self-annihilation signal.
The dark matter content of the globular clusters NGC 6388 and M 15 is modelled
taking into account the astrophysical processes that can be expected to influence the
dark matter distribution during the evolution of the globular cluster: the adiabatic
contraction of dark matter by baryons, the adiabatic growth of a black hole in the
dark matter halo and the kinetic heating of dark matter by stars. 95% confidence
level exclusion limits on the dark matter particle velocity-weighted annihilation cross
section are derived for these dark matter haloes. In the TeV range, the limits on the
velocity-weighted annihilation cross section are derived at the 10−25 cm3s−1 level and a
few 10−24 cm3s−1 for NGC 6388 and M 15 respectively.
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Matter
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1. Introduction
Dark matter (DM) is expected to play a key role in the dynamics of a wide range of sys-
tems, from galactic object scale to galaxy cluster scale (Bertone et al. 2005). The inner parts
of galaxies were used extensively to search for DM even though they are not necessarily dom-
inated by DM (Englmaier & Gerhard 2005). Observations by the H.E.S.S. experiment towards
the Galactic Center reveal a very high energy (VHE, Eγ & 100 GeV) gamma-ray signal with
the flux level Φ(> 1TeV) ≃ 2 × 10−12 cm−2s−1 (Aharonian et al. 2009a). The plausible DM-
originated fraction of this signal is entirely dominated by standard astrophysical emission processes
(Aharonian et al. 2006a). As opposed to this, dwarf galaxies are believed to be among the most
DM-dominated objects and are believed to have a reduced astrophysical background (Mateo 1998)
since these objects have little or no recent star formation activity. Nearby dwarf galaxies in the
Local Group have already been observed with H.E.S.S., i.e. Sagittarius, Canis Major, Sculp-
tor and Carina (Aharonian et al. 2008; Aharonian et al. 2009b; Aharonian et al. 2011), yielding
no signal. Exclusion limits on the velocity-weighed annihilation cross section between ∼10−24 to
∼10−22 cm3s−1 have been reported in the TeV range.
Several Galactic Globular Clusters (GCs) have been observed with ground-based Cherenkov
telescopes and upper limits on γ-ray emission from standard astrophysical processes have been re-
ported on Omega Centauri, 47 Tucanæ, M 13, M 15 and M 5 (Kabuki et al. 2007; Aharonian et al. 2009b;
Anderhub et al. 2009; McCutcheon 2009). GCs are also potential targets for indirect DM searches
(Wood et al. 2008). They are dense stellar systems of & 10 Gyr old, found in haloes of galaxies, with
typical masses between 104 and a few 106 M⊙, similar to dwarf galaxies. However, GCs are much
more compact than dwarf galaxies. Observations of GCs do not suggest the presence of a significant
amount of DM, but rather that these objects are dominated by baryons (Binney & Tremaine 1987).
In the primordial formation scenario of GCs (Peebles 1984), GCs were formed in DM minihaloes
before or during the reionization (Komatsu et al. 2009), before formation of galaxies. However the
distribution of GC colors (Brodie & Strader 2006) suggests that only metal poor clusters have a
cosmological origin while metal rich clusters formed in star-forming events such as galaxy-galaxy
mergers. The existence of an extended dark halo required by the GC primordial formation scenario,
has been challenged recently by Baumgardt et al. (2009) and Conroy et al. (2010). They show that
the stellar kinematics of NGC 2419, a remote GC which experiences little tidal effects from the
Milky Way, is incompatible with the presence of an extended dark halo. However, Cohen et al.
(2010) have shown that the measured spread in the Ca abundance can be only explained if NGC
2419 is the remnant of a more massive object.
In the purpose of the paper, GCs are assumed to have formed in DM minihaloes and thus
were DM-dominated in their primordial stage. Note that M 15 is a metal-poor GC, [Fe/H]≃-
2.37 (Harris 1996), while NGC 6388 is metal-rich, [Fe/H]≃-0.55 (Harris 1996), so the DM mini-
halo scenario is better motivated for M 15 than NGC 6388. However, NGC 6388 might host a
& 103M⊙ black hole (Lanzoni et al. 2007). Such massive (& 10
3 M⊙) black holes are not eas-
ily formed in star-forming events (Yungelson et al. 2008) suggesting a primordial formation ori-
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gin. During the evolution of the globular cluster, the DM reacts to the infall of baryons and
is pulled in towards the center. This process is usually referred to as the adiabatic contraction
(AC) model (Blumenthal et al. 1986; Zeldovich et al. 1980; Jesseit et al. 2002; Gnedin et al. 2004;
Prada et al. 2004). The effect of the contraction of DM in response to the baryon infall is partic-
ularly important for the calculation of the DM annihilation in baryonic environments such as the
Galactic Center region (Gnedin & Primack 2004; Prada et al. 2004).
The distribution of baryons and DM is affected by the kinetic heating of DM by baryons
(Merritt 2004) and by the presence of a black hole (BH) (Gondolo & Silk 1999). A growing body
of observations on GCs shows that they may harbor intermediate mass black holes (IMBHs) with
masses ranging from 103 to 105 M⊙, although the existence of these objects is not yet estab-
lished. Indirect evidence includes the extrapolation of the empirical relation MBH-MBulge found
for the supermassive BHs in galactic nuclei, which leads naturally to the prediction of existence
of IMBHs (Magorrian et al. 1998). Besides, ultra-luminous X-ray sources (ULXs) apparently not
associated to active galactic nuclei are proposed to be related to IMBHs (Colbert & Ptak 2002;
Swartz et al. 2004; Dewangan et al. 2005). From the theoretical side, the existence of IMBHs is a
generic assumption of scenarios that seek to explain the formation of supermassive BHs from the ac-
cretion and merging of massive seeds (Islama et al. 2003; Volonteri et al. 2003; Koushiappas et al. 2004).
Several globular clusters may host IMBHs: NGC 6388 (Lanzoni et al. 2007), ω Centauri (Noyola et al. 2008)
in the Milky Way or even G1 in M 31 (Kong 2007; Ulvestad et al. 2007).
The paper is structured as follows. Section 2 describes the observations carried out with the
H.E.S.S. experiment and the analysis of the data on the two Galactic GCs NGC 6388 and M 15.
In section 3, the DM halo modelling relevant for the two GCs is briefly presented (more details
are given in the appendix) and exclusion limits on the velocity-weighted annihilation cross section
of DM particles are derived for realistic DM halo profiles. Finally, the results are summarized in
section 4.
2. Observations and data analysis
The H.E.S.S. (High Energy Stereoscopic System) array of Cherenkov telescopes is located in
the Khomas Highland of Namibia at an altitude of 1800 m above sea level. The system consists of
four Imaging Atmospheric Cherenkov telescopes of 12 m diameter (∼107m2) each. The total field
of view of H.E.S.S. is 5◦ in diameter. The H.E.S.S. instrument achieves an angular resolution of 5’
per gamma-ray and a point-like source sensitivity at the level of 10−13 cm−2s−1 above 1 TeV for a
5σ detection in 25 hours at an observation zenith angle of 20◦ (de Naurois & Rolland 2009).
For both M 15 and NGC 6388, data are taken in wobble mode (Aharonian et al. 2006b), where
the pointing direction is chosen at an alternating offset of ±0.7◦ to ±1.0◦ from the target position.
Standard quality selection (Aharonian et al. 2006b) is applied to the data. After the calibration of
the raw data from PMT signals, the events are reconstructed using a technique based on a semi-
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analytical shower development model (de Naurois & Rolland 2009). This reconstruction method
yields a relative energy resolution of ∼10% and an angular resolution of 0.06◦ per gamma-ray
(68% containment radius). The background level is estimated using the ring-background method
(Pu¨hlhofer et al. 2003; Berge et al. 2007). The core of the GCs is very small in comparison to
the H.E.S.S. point spread function. They would thus be seen as point sources by H.E.S.S.. The
source region referred to hereafter as the ON region, is defined as a circular region of 0.07◦radius
around the target position. The background region is defined as an annulus around the pointing
position with a medium radius equal to the distance of the target and a half-thickness of 0.07◦. It
is referred to hereafter as the OFF region. The cut values used to select the gamma-ray events are
shown in Tab. 1. Given the Galactic latitude of the two Galactic GCs, contamination by diffuse
TeV gamma-ray emission is very unlikely. The results presented below have been cross-checked
by an independent analysis chain (Berge et al. 2007; Aharonian et al. 2005). Both analyses give
consistent results.
2.1. NGC 6388
NGC 6388 is one of the best known Galactic GC. It is located at ∼ 11.5 kpc from the Sun, at RA
= 17h36m17.05s and Dec = −44◦44′05.8′′ (J2000), and has a mass estimated to be ∼ 106 M⊙. The
stellar mass density in the core, with radius rc = 0.4 pc (0.12 arcminutes), reaches ∼ 5×10
5M⊙pc
−3.
The tidal radius is rt ∼ 25 pc (Lanzoni et al. 2007). The structural properties of NGC 6388 are sum-
marized in Tab. 2. Using the high-resolution HST andWFI observations at ESO, Lanzoni et al.(2007)
show that the surface brightness density of stars significantly deviates from a flat core in the inner
part, which is compatible with the existence of an IMBH with a mass of ∼ 5×103M⊙. A power law
with a slope of -0.2 is detected in the surface brightness density profile, which suggests the presence
of a central IMBH (Baumgardt et al. 2005; Noyola & Gebhardt 2006; Umbreit et al. 2008). The
Chandra satellite has detected three X-ray sources, coincident in position with the centre of gravity
of NGC 6388 located with an uncertainty of 0.3′′. One of these may be the X-ray counterpart of
the putative IMBH (Nucita et al.2007).
The H.E.S.S. observations of NGC 6388 were taken between June 2008 and July 2009. The
observation zenith angles range from 20◦ to 44◦ with a mean zenith angle of 22.9◦, and the exposure
time is 27.2 hours. The left-hand side of Fig. 1 shows the θ2 radial distribution of the ON and
OFF events for NGC 6388. NON = 71 gamma-ray candidates were found in the ON region while
the measured number of OFF events is NOFF = 1754. With the ratio of the off-source solid angle
region to the on-source solid angle region α = 26.5, the expected number of background events
in the ON region is 66.1. Since NON and NOFF/α are compatible at the 2σ level, no significant
gamma-ray excess is found above the background. An upper limit at 95% confidence level (C.L.)
on the number of gamma-rays can be derived using the method developed in Rolke et al.(2005):
N95%C.L.γ = 21.6.
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2.2. M 15
M 15 (NGC 7078) is a well-studied Galactic GC centered at the position RA = 21h28m58.3s
and Dec = 12◦10′00.6′′ (J2000). It is situated at ∼ 10 kpc from the Sun. Its estimated mass is
∼ 5×105M⊙. The stellar mass density in the core with radius rc = 0.04 pc is about 10
7M⊙pc
−3
(Dull et al.1997), and the tidal radius is rt ∼ 30 pc. The structural properties of M 15 are summa-
rized in Tab. 2. The surface brightness density of the GC M 15 suggests the presence of a stellar
cusp in the inner part, at least down to distances of a few 10−2 pc (Dull et al.1997). M 15 may
thus harbor an IMBH (Gerssen et al. 2002; Kiselev et al. 2008) in its center. However, the study
on milli-second pulsars in M 15 sets an upper limit of 103M⊙ on the mass of a hypothetical central
BH (De Paolis et al. 1996). In what follows, no central back hole is assumed for the modelling of
M 15.
The observations of M 15 by H.E.S.S. were carried out in 2006 and 2007 with an offset angle
of 0.7◦ and zenith angles from 34◦ to 44◦ resulting in 15.2 hours of high quality data at a mean
zenith angle of 37.0◦. The right-hand side of Fig. 1 shows the θ2 radial distribution of the ON and
OFF events for M 15. The data analysis reveals no significant gamma-ray signal at the nominal
position. With NON = 28, NOFF = 719 and α = 26.6, the expected number of background events
in the ON region is 27.0. The 95% C.L. upper limit on the number of gamma-rays is N95%C.L.γ =
11.5. Tab. 3 summarizes observations and upper limits on count numbers for NGC 6388 and M 15.
3. Dark matter constraints
3.1. Dark matter halo modelling
The relaxation time, defined in Eq. (A1) of the appendix, has a much smaller value, Tr ∼ 10
7 yr,
in GCs than in galaxies, where it is typically of the order of 1013 yr (Binney & Tremaine 1987).
Since GCs are among the oldest objects known, their present DM density depends on their history
and evolution. During infall events such as core collapses (Spitzer 1987), the DM is compressed
towards the center following the AC scenario (Zeldovich et al. 1980; Blumenthal et al. 1986). This
profile is referred to hereafter as the AC NFW profile. But the kinetic heating of DM particles by
stars (Merritt 2004) tends to wash out the adiabatic contraction effect over a timescale of the order
of Tr. Both effects were taken into account in the modelling of M 15 and NGC 6388, following the
approach of Merritt et al. (2007) and Bertone & Fairbarn (2008).
As mentioned in the introduction, the primordial formation scenario of globular clusters
(Peebles 1984) assumed here requires that globular clusters were formed in extended DM haloes.
The DM halo profile of a globular cluster is thus modelled assuming an initial Navarro-Frenk-White
(NFW) profile (Navarro et al. 1997) described by:
ρ(r) = ρ0
(
r
rs
)−1(
1 +
r
rs
)−2
. (1)
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This DM halo is parameterized by a virial mass1 Mvir and a concentration parameter cvir. The
normalization parameter ρ0 and the scale radius rs can be related to the virial mass and the
concentration parameter using the following relations (Navarro et al. 1997)
ρ0 =
Mvir
4pir3s f(cvir)
, rs =
Rvir
cvir
; (2)
where the function f(x) is, neglecting constants, the volume integral of the NFW profile given by
f(x) ≡ ln(1 + x) − x/(1 + x). The present baryonic mass of the GC provides a lower bound on
its virial mass. Besides, for Mvir larger than 10
8 M⊙ the GC would be expected to spiral towards
the center of the Milky Way in less than the age of the Universe. Conservative values for Mvir lie
therefore in the range [5 × 106 − 5 × 107] M⊙ (Wood et al.2008), corresponding
2 to cvir between
∼48 and 65. In this paper, initial DM haloes of GCs are modelled with Mvir = 10
7 M⊙. The value
of cvir used in the model of NGC 6388 is calculated from the formula of Bullock et al. (2001). For
M 15, the value of cvir is taken from Wood et al.(2008). Both values are listed in Tab. 4.
The presence of a central BH changes the DM and stellar densities in regions where the
BH dominates the gravitational potential, i.e. for distances to the BH lower than the radius of
gravitational influence rh
3. The adiabatic growth of the BH leads to a spiked DM distribution with
an index of 9/4 for an initial DM distribution with an index of 1, as for the NFW profile. This
profile is referred to as the IMBH NFW profile. The spike is smoothed by the kinetic heating of
DM by stars over the timescale Tr, forming a density profile proportional to r
−3/2 called DM crest
(Merritt et al. 2007), which corresponds to the final profile.
The dark halo models of M 15 and NGC 6388 are described in details in the appendix. The
DM halo of M 15 differs from the model published in Wood et al. (2008), since the effect of dark
matter heating by stars is considered in addition to the effect of adiabatic contraction. The inferred
DM mass densities of NGC 6388 and M 15 are shown in Fig. 2 and Fig. 3 respectively.
3.2. Dark matter annihilation signal
The gamma-ray flux expected from DM annihilations can be decomposed into an astrophysical
term and a particle physics term as (Bertone et al. 2005):
dΦ(∆Ω, Eγ)
dEγ
=
1
8pi
〈σv〉
m2DM
dNγ
dEγ︸ ︷︷ ︸
Particle Physics
× J¯(∆Ω)∆Ω︸ ︷︷ ︸
Astrophysics
. (3)
1Mvir is defined as the mass inside the radius Rvir assuming a mean density equal to 200 times the critical density
of the Universe (Amsler et al. 2009).
2Mvir and cvir are strongly correlated (Navarro et al. 1997, Bullock et al. 2001). In Bullock et al. (2001) , cvir =
9× (Mvir/1.5 × 10
13h−1M⊙)
−0.13 where h is the present day normalized Hubble constant (Amsler et al. 2009).
3The radius of gravitational influence of a BH is defined by the equation M(< rh) ≡
∫
rh
0
ρ(r)d3r = 2MBH.
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The astrophysical factor (J¯) is generally expressed as the integral over the line of sight (los) of the
squared density averaged over the solid angle ∆Ω:
J¯ =
1
∆Ω
∫
∆Ω
dΩ
∫
los
ds ρ2(r(s)) (4)
with r(s) =
√
s2 + s20 − 2ss0 cos θ, s0 the distance of the source from the Sun and θ the opening
angle of the integration cone centered on the target position. To match the analysis cuts used in
this work (see Section 2), ∆Ω is set to 5 × 10−6 sr. Tab. 4 shows the values of the astrophysical
factor for the DM halo profiles presented in Sec. 3.1. In the case of the IMBH NFW and final DM
profiles for NGC 6388, the calculation of the astrophysical factor requires a minimum cutoff for
the integration radius. For the IMBH NFW and final profiles, the integral diverges as r
−3/2
min and
log(r−1min) respectively, where rmin is the inner radius. rmin is usually taken as Max[rS , rA] where
rS ≡ 2GMBH/c
2 is the Schwarzschild radius of the black hole and rA is the self-annihilation radius
calculated for an annihilation time of 10 Gyr. Typical values of mDM and 〈σv〉 give rA ≃ 10
−5 pc
so that rmin = rA. The value of the astrophysical factor for the final profile is insensitive to the
assumed value of rmin. The values for M 15 are calculated using the DM modelling described in
Sec. 3.1. The evolution of M 15 leads to a depletion of DM, implying a decrease of J¯ . In the case
of NGC 6388, the effect of the BH in the stellar environment boosts J¯ to a value higher than that
obtained for the initial NFW profile.
3.3. Exclusion limits
The exclusion limits on the particle physics parameters, i.e. the DM particle mass mDM and
the velocity-weighted annihilation cross section 〈σv〉, are calculated using the astrophysical factor
calculated for each DM halo model by:
〈σv〉95%C.L.min =
8pi
Tobs
m2DM
J¯(∆Ω)∆Ω
N95%C.L.γ∫ mDM
0
Aeff(Eγ)
dNγ
dEγ
dEγ
(5)
where dNγ/dEγ is the DM-produced differential continuum gamma-ray spectrum and Aeff is the
effective area of the instrument during the observations (Aharonian et al. 2008). Fig. 4 shows the
95% C.L. exclusion limits for NGC 6388 on 〈σv〉 for the initial NFW (dashed line) and the final
profile (solid line) derived from the 95% C.L. upper limit on the number of gamma-rays. The generic
parametrization from Bergstro¨m (2000) as well as a parametrization including contributions from
virtual internal Bremsstrahlung and final state radiation (Bringmann et al. 2008) are used for the
differential gamma-ray spectra. The Bergstro¨m (2000) parametrization is derived from a fit to
the gamma-ray spectrum from WIMP annihilations into W and Z pairs. The latter includes both
gamma-rays from virtual particles and from charged particle final states of the pair annihilation of
winos (Bertone et al. 2005). The limits are 1 to 3 orders of magnitude above the natural value of
the velocity-weighted annihilation cross section for thermally-produced DM (Bertone et al. 2005).
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Fig. 5 shows the H.E.S.S. 95% C.L. exclusion limits for M 15 for the initial and final DM profiles,
as well as those obtained with the Whipple Cherenkov telescope (blue area) in Wood et al.(2008).
The thickness of the drawn lines represents the astrophysical uncertainty induced by the plausible
mass range for the initial virial mass. The H.E.S.S. limit reaches 〈σv〉 ∼ 5 × 10−23 cm3s−1 and
〈σv〉 ∼ 5 × 10−24 cm3s−1 around mDM = 2 TeV for the initial NFW profile and the final profile
respectively. For comparison, the exclusion limit obtained for H.E.S.S. using the DM halo modelling
of Wood et al.(2008) are also shown (gray area). Stronger constraints are obtained with H.E.S.S.
due to the combination of larger effective area, 3×105m2 vs. 5×104m2, better angular resolution,
0.06◦ vs. 0.25◦, better upper limit on the number of gamma-rays (11.5 vs. ∼ 67.7) and longer
observation time (15.2 h vs. 1.2 h).
4. Summary
The present paper gives for the first time exclusion limits on dark matter towards several
globular clusters taking into account all relevant astrophysical effects affecting the hypothetical
DM halo. The H.E.S.S. observations reveal no significant gamma-ray excess from point-like sources
located at the nominal position of the Galactic GCs NGC 6388 and M 15. The hypothetical DM
halo has been modelled taking into account possible astrophysical processes leading to substantial
changes in the initial DM profile: the adiabatic contraction of DM by baryons and the adiabatic
growth of a BH at the center of the DM halo. The scattering of DM by stars in such a dense
stellar environment has been taken into account to provide realistic final DM haloes. This effect is
of crucial importance to model DM haloes in these baryon-dominated environments and leads to
a depletion of DM during the evolution of the globular cluster. On the other hand, the presence
of a central massive BH enhances the DM density in the center. The constraints on the velocity-
weighted annihilation cross section of the DM particle are derived using DM halo profiles taking
into account the above-mentioned astrophysical effects on the initial DM density. They lie at the
level of a few 10−25 cm3s−1 for NGC 6388 in the TeV energy range. Assuming the absence of a
massive BH in the center of M 15, the constraints are of the order of a few 10−24 cm3s−1.
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Ministry for Education and Research (BMBF), the Max Planck Society, the French Ministry for
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U.K. Particle Physics and Astronomy Research Council (PPARC), the IPNP of the Charles Univer-
sity, the South African Department of Science and Technology and National Research Foundation,
and by the University of Namibia. We appreciate the excellent work of the technical support
staff in Berlin, Durham, Hamburg, Heildelberg, Palaiseau, Paris, Saclay, and in Namibia in the
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A. Models of the M 15 and NGC 6388 dark matter halos
A.1. M 15 dark matter halo
The modelling of the M 15 DM halo proceeds in two steps. In the first step, the dark halo is
assumed to be adiabatically compressed during the collapse of the core of M 15. The model used for
the initial and final baryon and DM densities is described in Wood et al. (2008). The final baryon
density is the observed mass density, taken from Gebhardt et al. (1997). The DM is compressed
during the baryonic collapse. The timescale for the collapse is ≃ 100 Tr, where the relaxation time
Tr is given by Spitzer (1987):
Tr =
3.4 × 109
ln Λ
( vrms
kms−1
)3( m
M⊙
)−2( n
pc−3
)−1
yr . (A1)
In Eq. (A1), vrms is the velocity dispersion, n is the stellar density and lnΛ is the usual Coulomb
logarithm. In the case of the center of M 15, taking vrms = 10.2±1.4 kms
−1 (Dull et al.1997),
ln Λ = 13.1 and adopting a typical stellar mass value of m = 0.4M⊙ (Dull et al.1997), one finds
Tr ≃ 7×10
4 yr. Tr is an increasing function of the distance r to the center of the M 15. For
r & rheat = 5pc, the relaxation time is larger than the age of the Universe. The central value of Tr
and the position of rheat have only weak dependencies on the actual values of vrms and n when the
latter are varied in their uncertainty ranges. Because of AC, the DM evolution takes place in less
than a few orbital periods. The orbital period of a star orbiting the core of M 15 is of the order of
1000 yr, which is much less than Tr. The AC method should thus be valid. The value of the DM
density after AC is similar to the result of Wood et al.(2008), see Fig. 3 and Fig. 7 of Wood et al.(
2008). At the same time, the DM is heated up by stellar matter. This process is described in
Merritt (2004). DM is scattered by stars in a few Tr, leading to a depletion of the core. For r &
5 pc, the DM distribution is not affected by heating. The DM scattering is taken into account with
the procedure described in Bertone & Fairbarn (2008) for the M 4 globular cluster. A DM mass
density of ρM15 ∼ 35M⊙pc
−3 is obtained at the radius where the heating time is comparable to
the age of the universe. For r . 5 pc, the DM halo is swept out by heating and the DM mass
density was assumed to take the constant ρM15 value. The DM mass density of M 15 called final
profile is shown on Fig. 3.
A.2. NGC 6388 dark matter halo
The modelling of the NGC 6388 DM halo also proceeds in two steps. The first step is the AC
of the DM halo by the IMBH and baryons. An initial baryon fraction of 20% (Spergel et al. 2007)
is assumed with the same spatial distribution like the DM. The AC scenario gives the resulting DM
distribution knowing the measured baryonic mass profile. This DM halo profile is called AC NFW
profile. The surface density profile of NGC 6388 is well fitted by a modified King model including a
black hole, characterized by a core radius rc = 7.2
′′ and a concentration c = 1.8 (Lanzoni et al.2007).
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Using these parameters, the numerical integration of the Poisson equation yields the behavior of
the gravitational potential from which it is straightforward to compute the baryonic density profile.
The initial NFW profile is characterized by Mvir = 10
7M⊙. Since the mass of the IMBH is just
a small fraction of the total mass in the core of NGC 6388, the dynamics of DM is influenced
mainly by baryonic matter, except in the immediate vicinity of the black hole. Using a central
velocity dispersion of vrms = 18.9±0.8 kms
−1 (Pryor & Meylan , 1993) and lnΛ = 14.7, the central
relaxation time is found to be Tr ≃ 8×10
6 yr. The orbital period of a star orbiting the core of
NGC 6388 is 5000 yr, so that the AC method is again valid. The relaxation time is larger than the
age of the Universe for r > rheat. The distribution of the DM density around the black hole (for
r . rh) is changing with time, but tends to a power law with index 3/2 after a few Tr. The final
DM distribution is thus obtained by extending the prescription of Bertone & Fairbarn (2008). Far
from the center of the cluster, the stellar density is low and thus the heating time becomes large so
that the DM distribution is unaffected. A mass density of ∼140 M⊙pc
−3 is obtained at the radius
rheat ∼ 4 pc where the heating time is comparable to the age of the Universe. In the region between
rh < r < rheat, the DM density is expected to be described by a smooth curve similar to Fig. 1 of
Merritt et al.(2007). In the modelling for NGC 6388, the DM density was conservatively assumed
to take a constant value of 140M⊙pc
−3 in the region rh < r < rheat. For r < rh, the DM density
is given by ρ(r) = 140M⊙pc
−3 (r/rh)
−3/2. The final profile for the DM distribution of NGC 6388
is shown in Fig. 2. At the position of NGC 6388, the DM density from the smooth Galactic halo
assuming a NFW profile is ∼0.03M⊙pc
−3.
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Table 1: List of H.E.S.S. analysis cuts (de Naurois & Rolland 2009). The shower depth is the
reconstructed primary interaction depth of the particle and the nominal distance is the angular
distance of the image barycenter to the camera center.
Cut name γ-event cut value
Shower goodness ≤ 0.4
Image charge (photo-electrons) ≥ 120
Reconstructed shower depth (radiation length) [−1, 4]
Reconstructed nominal distance (◦) ≤ 2
Reconstructed event telescope multiplicity ≥ 2
This preprint was prepared with the AAS LATEX macros v5.2.
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Table 2: Properties of the NGC 6388 and M 15 globular clusters used in this study.
NGC 6388 M 15
Other Name / NGC 7078
RA, Dec coordinates (J2000) 17h36m17.05s, −44◦44′05.8′′ 21h28m58.3s, 12◦10′00.6′′
Galactic coordinates (l, b) 345.55◦, -6.73◦ 64.8◦, -27.1◦
Distance (kpc) 11.5a 10.0c
Core radius rc (pc) 0.4
a 0.04d
Tidal radius rt (pc) 25
a 30c
Estimated mass (M⊙) 10
6 5×105
Core stellar density (M⊙pc
−3) 5×105 107
Central velocity dispersion vrms (kms
−1) 18.9±0.8b 10.2±1.4d
aLanzoni et al.(2007)
bPryor & Meylan (1993)
cWood et al.(2008)
dDull et al.(1997)
Table 3: Exposure time, mean zenith observation angle, number of ON events, number of OFF
events, α ratio and 95% C.L. upper limits on the number of gamma-rays from the H.E.S.S. obser-
vations for NGC 6388 and M 15, respectively. See text for more details.
NGC 6388 M 15
Exposure timea (hours) 27.2 15.2
Mean zenith observation angle 22.9◦ 37.0◦
NON 75 28
NOFF 1754 719
α 26.5 26.6
N95%C.L.γ 21.6 11.5
aAfter quality selection.
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Table 4: Values of the los-integrated squared density averaged over the solid angle (J¯) expressed
in units of 1024 GeV2cm−5, for the different DM halo profiles. The integration solid angle is
∆Ω = 5 × 10−6 sr. The virial mass and concentration for the initial NFW profiles are given in
brackets.
DM halo profile name NGC 6388 M 15
Initial NFW (Mvir, cvir) 2.1 (10
7 M⊙, 60) 1.5 (10
7 M⊙, 50)
AC NFW 1.3×104 4.3×103
IMBH NFW 2.2×104 /
Final 68 14
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(b) M15
Fig. 1.— θ2 radial distribution of the ON (gray histogram) and normalized OFF (black crosses)
events for gamma-ray like events from a 0.07◦ radius region around the target position for (a)
NGC 6388 (RA=17h36m17.05s and Dec=−44◦44′05.8′′, J2000) and (b) M 15 (RA = 21h28m58.3s
and Dec = 12◦10′00.6′′, J2000). The ON regions correspond to a maximum θ2 of 0.005 deg2. No
significant excess is found in the ON region for NGC 6388 or M 15.
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Fig. 2.— DM and baryonic mass density distributions in NGC 6388. The DM density before (thick
dashed line) and after (thick dotted line) the adiabatic contraction by baryons is shown. The initial
DM distribution follows a NFW profile with Mvir = 10
7M⊙. The initial (thin dashed line) and
final (thin dotted line) baryonic densities are displayed. The final DM density distribution after
the effects of the adiabatic growth of the IMBH at the center of NGC 6388 and the kinetic heating
by stars is presented (thick solid line). See text for more details.
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Fig. 3.— DM and baryonic mass density distributions in M 15. The DM density before (thick
dashed line) and after (thick dotted line) the adiabatic contraction by baryons is shown. The
initial DM distribution follows a NFW profile with Mvir = 10
7M⊙. The initial (thin dashed line)
and final (thin dotted line) baryonic densities are displayed. The final DM density distribution
after the effect of the kinetic heating by stars is presented (thick solid line). See text for more
details.
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Fig. 4.— H.E.S.S. upper limits at 95% C.L. on the velocity-weighted annihilation cross section 〈σv〉
versus the DM mass mDM for the Galactic GC NGC 6388. DM halo profiles shown here correspond
to the initial NFW profile (dashed thick line) and the realistic profile taking into account plausible
astrophysical effects (solid thick line). The contribution from internal Bremsstrahlung and final
state radiation to the annihilation spectrum is also shown (dashed/solid thin lines) for both profiles.
The natural value of 〈σv〉 for thermally-produced DM is also displayed (long-dashed line).
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Fig. 5.— H.E.S.S. upper limits at 95% C.L. on the velocity-weighted anihilation cross section 〈σv〉
versus the DM mass mDM for the Galactic GC M 15. Three DM haloes are shown: the initial NFW
profile (dashed thick/thin line), the NFW profile after DM adiabatic contraction by baryons (AC
NFW) used in Wood et al. (2008) (gray area), and the final DM profile (solid thick/thin line). The
effect of internal Bremsstrahlung is also presented (thin dashed/solid lines). The Whipple exclusion
limits extracted from Wood et al. (2008) is also plotted (blue area). The natural value of 〈σv〉 for
thermally-produced DM is shown (long-dashed line).
